Sporozoites, the invasive form of malaria parasites transmitted by mosquitoes, are quiescent while in the insect salivary glands. Sporozoites only differentiate inside of the hepatocytes of the mammalian host. We show that sporozoite latency is an active process controlled by a eukaryotic initiation factor-2 (eIF2) kinase (IK2) and a phosphatase. IK2 activity is dominant in salivary gland sporozoites, leading to an inhibition of translation and accumulation of stalled mRNAs into granules. When sporozoites are injected into the mammalian host, an eIF2 phosphatase removes the PO4 from eIF2-P, and the repression of translation is alleviated to permit their transformation into liver stages. In IK2 knockout sporozoites, eIF2 is not phosphorylated and the parasites transform prematurely into liver stages and lose their infectivity. Thus, to complete their life cycle, Plasmodium sporozoites exploit the mechanism that regulates stress responses in eukaryotic cells.
During initiation of protein synthesis, a ternary complex of Met-tRNA, GTP, and the eukaryotic initiation factor 2 (eIF2) is delivered to the translation initiation machinery. During this translation process, eIF2-GTP is hydrolyzed to eIF2-GDP and released from the machinery. A guanine nucleotide exchange factor (eIF2B) facilitates the exchange of eIF2-GDP to eIF2-GTP, which is a requisite for a new round of translation. The phosphorylation of eIF2 blocks the recycling of eIF2-GTP and downregulates protein synthesis (Van Der Kelen et al., 2009 ). This mechanism is used by mammalian cells in response to stress, thereby reducing metabolic needs and providing cells with time to recover from injury (Proud, 2005) .
Four different eIF2 kinases are used by vertebrates to respond to specific stresses: PEKR responds to protein misfolding in the endoplasmic reticulum, GCN2 responds to nutrient depletion, PKR responds to viral infection, and HRI responds to oxidative stress during erythrocyte maturation. The phosphorylation of eIF2 is associated with the appearance of stress granules in the cytoplasm of stressed cells. Stress granules are nonmembranous structures ranging in size from 0.1-2.0 µm that are comprised the parasites in the blood of the mammalian host or in the mosquito vector. PfeIK1 function is similar to that of GCN2; it regulates the stress response of blood-stage parasites to amino acid starvation (Fennell et al., 2009) . In this paper, we provide direct evidence that latency of malaria parasites in mosquito salivary glands is controlled by IK2.
RESULTS

Gene targeting of IK2
To determine the transcript levels of IK2 throughout the parasite's life cycle, real-time RT-PCR was performed with cDNA from different stages of P. berghei. IK2 is predominantly transcribed in salivary gland sporozoites. A significant level of IK2 transcript is also present in gametocytes. IK2 transcription is barely detected in the midgut sporozoites or in blood stages. IK1 and PK4 are mostly transcribed in the asexual blood stages (Fig. 1) .
To test the function of IK2 in P. berghei, PbeIK2 was replaced by double-crossover homologous recombination by the hDHFR selectable marker and a constitutively expressed GFP cassette ] (Fig. S2 A) . Recombinant parasites were selected, two clones (from a single transformation) were obtained, and their disrupted IK2 locus was verified by PCR ( Fig. S2 B) and Southern blot (Fig. S2 C) analysis of parasite genomic DNA. The development of the mutants in the blood of mice, and in Anopheles stephensi mosquitoes, was not significantly different from that of wild-type parasites (Fig. 2, A and B) . The in vitro release of P. berghei sporozoites from the salivary glands of wild-type and mutants did not differ significantly (Fig. 2 C) . We also disrupted the P. falciparum orthologous gene PfeIK2 by single-crossover homologous recombination (Fig. S3) . Clones of PfeIK2 (-) completed the sexual development in mosquitoes and invaded the salivary glands in numbers similar to wild-type (Table S1 ). Therefore, neither in P. berghei nor in P. falciparum IK2 is required for Plasmodium development in erythrocytes and in the mosquito vector.
We then tested the infectivity of PbeIK2 (-) salivary gland sporozoites to the mammalian host by intravenous injection or via mosquito bite into mice and assessing the emergence of erythrocytic stages. After either delivery route, the infectivity of the PbeIK2 (-) salivary gland sporozoites to mice was of aggregates of nontranslating mRNAs and initiation factors of translation, such as phosphorylated eIF2, eIF3, eIF4E, eIF4G, and polyA-binding protein (PABP). The nontranslating ribonucleoproteins in stress granules are in dynamic equilibrium with the translational pool, allowing rapid shifts between translation and storage (Kedersha and Anderson, 2007; Balagopal and Parker 2009) .
The response to stress via phosphorylation of eIF2 is conserved among eukaryotes, including in protozoan parasites. When Toxoplasma gondii tachyzoites, the rapidly multiplying forms of the parasite, are subjected in vitro to heat shock, alkaline pH, or other forms of stress, they phosphorylate eIF2 and start expressing cyst wall antigens of bradyzoites, the parasite's latent forms. These changes are associated with an arrest in translation. The inhibition of eIF2 dephosphorylation by salubrinal, a specific inhibitor of the eIF2-P phosphatases (Boyce et al. 2005) , enhances transcription of bradyzoite genes, implying that the tachyzoite/bradyzoite transformation is regulated by a yet to be identified phosphatase (Sullivan et al., 2004; Narasimhan et al., 2008) .
Malaria parasites have an asexual cycle in the blood of mammals, and a sexual cycle in Anopheles mosquitoes. During the erythrocytic cycle, male and female gametocytes are generated and taken up by mosquitoes. Fertilization and zygote formation take place in the mosquito stomach, and the zygote develops into a motile form, named ookinete, that penetrates in the midgut epithelium and forms oocysts. Hundreds of sporozoites are generated inside a single oocyst. The mature sporozoites exit the oocysts and invade the salivary glands. After delivery to the skin of the host during mosquito bite, the salivary gland sporozoites traverse skin cells, enter the circulation, migrate rapidly to the liver, and infect hepatocytes. A new replication cycle takes place generating thousands of merozoites that exit hepatocytes, enter the blood, and invade erythrocytes.
Plasmodium sporozoites in mosquitoes are adapted for long-term survival in the salivary glands without significantly changing their transcriptional program, while maintaining their infectivity (Boyd et al., 1936; Porter et al., 1954; Sherman, 1998) . This is in contrast to the continuous transcriptional changes observed in the blood and liver stages in the mammalian host and in the mosquito vector. Notably, several genes required for the development of the liver stages (also called exoerythrocytic forms [EEFs] ) are transcribed, but not translated, in salivary gland sporozoites (Florens et al., 2002; Le Roch et al., 2003; Lasonder et al., 2008) . In this paper, the arrested development of salivary gland sporozoites is called latency.
Three eIF2 kinases, IK1, IK2, and PK4, have been identified in Plasmodium (Ward et al., 2004) , and their catalytic subdomains are homologous to those of other members of the eukaryotic eIF2 kinases (Fig. S1 ). PK4 is expressed in blood stages. Its function is unknown, but attempts to target PK4 in P. berghei and P. falciparum have failed (unpublished data), suggesting that it is an essential gene for blood stages. The disruption of PfeIK1 does not affect the development of Figure . Stage-specific transcription of the PbeIF2 kinases. PbeIF2 kinases (PbeIK1, PbeIK2, and PbPK4) transcript levels were analyzed by real-time PCR using cDNAs from different stages of P. berghei. Each value is the mean ± SD of two independent experiments. eIF2 phosphorylation in salivary gland sporozoites is mediated by IK2 We then assessed Plasmodium eIF2 phosphorylation in wildtype sporozoites. For this, we used a rabbit antibody raised against a peptide of Toxoplasma eIF2, MSDERLpSKRRFRS, in which pS represents the phosphorylated serine (Narasimhan et al., 2008) . The amino acids surrounding pS are identical between Toxoplasma and Plasmodium eIF2, but differ from those in mammalian eIF2. Western blot analysis of extracts of wild-type sporozoites collected from mosquito midgut, hemocoel, or salivary glands showed that although total amounts of PbeIF2 were similar in all sporozoite populations, the phosphorylation of PbeIF2 increased only in salivary gland sporozoites (Fig. 3 A) . This is in agreement with the increased transcription of the IK2 gene specifically in salivary gland sporozoites. As expected, eIF2 was not phosphorylated in the PbeIK2 (-) sporozoites (Fig. 3 B) . We conclude that PbeIF2 is phosphorylated in salivary gland sporozoites, and that PbeIF2 phosphorylation is mediated exclusively by the kinase PbeIK2.
Comparing protein translation in wild-type and PbeIK2 (-) sporozoites
To study the effect of eIF2 phosphorylation on protein translation, we incorporated 35 S-labeled methionine and cysteine in wild-type and PbeIK2 (-) salivary gland sporozoites for 30 min at 37°C. Salivary glands of noninfected mosquitoes, serving as control, were processed the same way. The radioautography of SDS-PAGE showed that the overall protein synthesis was greatly enhanced in the PbeIK2 (-) (Fig. 3 C) . This was expected because protein synthesis is inhibited by phosphorylation of eIF2. The kinetics of incorporation in wild-type and PbeIK2 (-) sporozoites was greater at 37°C than at room temperature, that is closer to the temperature of Plasmodium growth in mosquitoes (Fig. 3 D) . Importantly, protein synthesis was greatly enhanced at both temperatures in PbeIK2 (-).
The stalled mRNAs in salivary gland sporozoites accumulate in RNA granules Next, we searched for the presence of stress granules in wild-type sporozoites using two methods: in situ hybridization with oligo-d(T) to detect all of the cellular poly(A)RNA, and specific staining with antibodies to PABP and phosphorylated eIF2, which are exclusively found in stress granules. PABP is a poly(A)-binding protein that binds to poly(A) tails of mRNA and regulates mRNA stability and protein translation. These two proteins are not present in processing bodies (P bodies), another class of RNA granules that accumulate mRNA targeted for degradation (Kedersha and Anderson, 2007) . As shown in Fig. 4 , both assays revealed the presence of the granules in most or all wild-type parasites. PABP and phosphorylated eIF2 were not concentrated in granules in the control PbeIK2 (-) parasites. With few exceptions, the levels of bulk poly(A) RNA were also severely decreased in the mutants. In conclusion, these experiments provide direct evidence that the presence of almost abolished ( Fig. 2 D and Table I ). The PbeIK2 (-) salivary gland sporozoites were also defective in their ability to traverse cells (Mota et al., 2001; Fig. S4 A) and glide on glass slides (Vanderberg, 1974; Fig. S4 B) , but paradoxically they invaded and developed inside of HepG2 cells with the same efficiency as wild-type (Fig. 2 E; see Discussion). We conclude that the targeting of the IK2 does not affect parasite development in the blood stages nor in mosquitoes, but profoundly impairs the development of PbeIK2 (-) salivary gland sporozoites in mice. The phenotype of the mutant falciparum sporozoites in the mammalian host was not examined because these parasites only complete their development in humans or chimpanzees. and wild-type parasites produce the same number of midgut and salivary gland-associated sporozoites on day 14 and 20 after the first infectious blood meal, respectively. Sporozoite numbers were counted in three different mosquito cycles of the wild type and mutants. (C) PbeIK2 (-), and wild-type-infected mosquitoes release saliva containing the same number of sporozoites into the medium. Sporozoite numbers were counted in three independent experiments. (D) C57BL/6 mice (five mice per group) were intravenously injected with 1 × 10 4 wild type or either one of two clones of PbeIK2 (-) sporozoites (ko1 and ko2). Liver-stage parasite burden was measured by real-time RT-PCR, and shown are the means ± SD of two independent experiments. (E) In three independent experiments 2 × 10 4 or 2 × 10 3 wild-type and PbeIK2 (-) sporozoites were added to HepG2 cells. Infectivity of sporozoites to HepG2 cells were evaluated by counting EEF numbers 48 h after infection.
available for 21% (175) of the differentially expressed genes. Analysis showed that this group was strongly enriched for genes involved in translation at levels not expected by chance (P = 1.94e7; Table II ). This is likely to occur if, after the alleviation of repression, the translation machinery is expanded. In addition, we also noted that the genes showing the greatest up-regulation were the three mitochondrial-encoded enzymes, cytochrome c oxidase subunits 1 and III, and cytochrome b (Table S3 ). Mitochondrial proliferation is observed when sporozoites differentiate into early liver stages (Meis et al., 1985) . Ubiquitin-like proteins, which are part of the proteasome system required for sporozoite remodelling and transformation into liver stages (Gantt et al., 1998) , were also up-regulated (Table S3) . Therefore, the global transcription analysis is consistent with the idea that mutants are beginning to transform into liver stages after dephosphorylation of eIF2-P.
Further support for this idea was obtained by measuring the amounts of known liver stage proteins in wild type and mutants by Western blots. As shown in Fig. 5 A, HSP70 and UIS4 were increased in the PbeIK2 (-) compared with wild type. HSP70 is barely detectable in sporozoites, but increased in liver stages (Tsuji et al., 1994; Kaiser et al. 2003) . UIS4, a member of ETRAMP family, is transcribed but not translated in salivary gland sporozoites (Florens et al., 2002; Lasonder et al., 2008) , and it localizes in the parasitophorous vacuole membrane surrounding the liver stages (Mueller et al. 2005) . The amounts of the circumsporozoite protein (CSP), the major surface protein of sporozoites, associated with parasite extracts or secreted into the culture medium, were also increased in the mutant sporozoites (Fig. 5, A and B) , even though the sporozoites have reduced gliding motility. In Western blots of salivary gland, sporozoites and the midgut sporozoites CSP appear as two bands (Yoshida et al., 1981) , the lower one representing the proteolytically processing of the N terminus of CSP that is required for sporozoite invasion of hepatocytes (Coppi et al., 2005) . As a control, in midgut sporozoites where PbeIK2 is not transcribed, there was no difference in the levels of CSP associated with wild-type and PbeIK2 (-) parasite extracts (Fig. 5 C) .
eIF2 phosphorylation is controlled by a phosphatase
To test how eIF2 phosphorylation is regulated, wild-type sporozoites were incubated at 37°C, and the amounts of phosphorylated PbeIF2 were evaluated by Western blot analysis. stress granules in salivary gland sporozoites is regulated by PbeIK2-mediated eIF2 phosphorylation.
Mechanisms of the loss of infectivity in the PbeIK2 (-)
We compared the transcriptional profile of wild-type and PbeIK2 (-) salivary gland sporozoites using microarrays (Affymetrix, containing both P. falciparum and P. berghei gene probes). The experiment confirmed the absence of PbeIK2 transcripts in the mutant. More importantly, it also revealed that 816 out of a total of 10,734 P. berghei probe sets were upregulated by more than twofold in the mutant. The microarray data were validated by real-time RT-PCR analysis of selected transcripts (Table S2) . Gene ontology (GO) classifications were radiolabeled amino acids in wild type, but not PbeIK2 (-) sporozoites, was inhibited by salubrinal treatment (Fig. 6 E) . We conclude that a phosphatase, not yet identified, modulates the eIF2 phosphorylation levels and therefore Plasmodium salivary gland sporozoites stage conversion.
Morphological changes in PbeIK2 (-) sporozoites
The crescent-shaped sporozoite, typically upon invasion of a hepatocyte inside of a parasitophorous vacuole, progressively transforms into a spherical liver stage (Gantt et al., 1998) .
As shown in Fig. 6 A, dephosphorylation was noted between 30 and 60 min, which corresponds to the time when sporozoites lose infectivity. Salubrinal is a selective inhibitor of eIF2 dephosphorylation in mammalian cells (Boyce et al., 2005) . As shown in Fig. 6 B, salivary gland sporozoite treatment with salubrinal increased the PbeIF2 phosphorylation levels in the wild type, but not in PbeIK2 (-). Salubrinal treatment also significantly enhanced infectivity of wild-type sporozoites to HepG2 cells and to mice, but had no effect on the mutants (Fig. 6, C and D) . Furthermore, the incorporation of 4-h incubation, 52% of the PbeIK2 (-) and 35% of wild-type sporozoites had bulbs detectable by light microscopy (Fig. 7 A) . Notably, salubrinal treatment of wild-type salivary gland sporozoites significantly decreased the proportion of sporozoites displaying transformation bulbs after various incubation times at 37°C (Fig. 7 B) . As previously reported, parasite remodeling was inhibited by MG132, a proteasome inhibitor (Gantt et al., 1998 ; Fig. 7 B) . This is in agreement with the observation that transcripts encoding ubiquitin-like proteins were up-regulated in PbeIK2 (-) ( Table S3 ). TEM sections of the wild-type and mutant salivary gland sporozoites fixed immediately after collection revealed IMC disruption in the vicinity of the bulbs, plasma membrane detachment, and redistribution of organelles in mutant sporozoites (Fig. 7 C) . In short, the morphological
The pellicle of sporozoites is a triple membranous structure consisting of an inner membrane complex (IMC) made of flattened vesicles and placed underneath the plasma membrane. The sporozoite shape is maintained by microtubules lying longitudinally underneath the cytoplasmic side of the IMC (Khater et al., 2004 ). An actin-myosin motor used for motility and cell invasion is found between the plasma membrane and the IMC (Kappe et al., 2004) . Shortly after sporozoites enter hepatocytes or are incubated at 37°C without host cells (Gantt et al., 1998; Kaiser et al., 2003) , a characteristic "bulblike" structure (transformation bulb) appears in the body of the parasite. After a few hours, the parasite becomes spherical and the IMC disappears. The morphology of PbeIK2 (-) was examined by light microscopy and by transmission electron microscopy (TEM). By light microscopy, we documented the presence of the transformation bulbs in 3% of the PbeIK2 (-) salivary gland sporozoites obtained immediately after dissection and fixation, whereas they were exceptionally seen in wild-type sporozoites (Fig. 7 A) . After incubation at 37°C, the number of bulbs increased in a time-dependent fashion both in wild type and mutants. After a Figure . Enhanced liver stage proteins expression in PbeIK2 (-) salivary gland sporozoites. (A) Wild-type and PbeIK2 (-) sporozoites were incubated at 37°C for different times, then UIS4, HSP70, and CSP were visualized on immunoblots by using the polyclonal UIS4 antisera, mAb 2E6, and 3D11, respectively. Antiserum against total PbeIF2 served as loading controls. (B) Sporozoites were incubated at 25°C for different times, and the amounts of CSP secreted into the culture medium were immunoblotted with mAb 3D11. (C) CSP in wild-type and PbeIK2 (-) midgut sporozoites. On day 14 after the first infectious blood meal, wild-type and PbeIK2 (-) parasites were dissected from mosquito midguts, and CSP was visualized on immunoblot. Immunoblots were repeated at least three independent experiments. Wild-type sporozoites were incubated at 37°C for 30 and 60 min, and then levels of PbeIF2-P and total PbeIF2 were assayed by immunoblots. In B-E, wild-type and PbeIK2 (-) sporozoites were dissected from mosquito salivary glands in the presence (+) or absence (-) of 1 uM salubrinal (Sal) at room temperature, and then the medium was replaced by DME supplemented with 10% FBS. (B) Immunoblot assays for levels of PbeIF2-P and total PbeIF2 of wild-type and is the transformation of Toxoplasma tachyzoites into latent bradyzoites. Although the in vitro differentiation and phosphorylation of eIF2 is triggered by stress, bradyzoites also appear spontaneously during culture. The frequency of spontaneous change varies with the cultured cell type, the parasite strain, and other factors (Ferreira da Silva et al., 2008; Sullivan et al., 2009) . The mechanisms of bradyzoite formation in vivo are unknown.
The primary function of Plasmodium IK2, like all mammalian eIF2 kinases, is to phosphorylate eIF2 and thereby inhibit protein synthesis. We document the presence of eIF2-P in wild-type salivary gland sporozoites, but not in the control PbeIK2 (-) or in midgut sporozoites, whose IK2 is not transcribed (Fig. 3, A and B) . The role of eIF2 phosphorylation in protein synthesis was studied by comparing the incorporation of radiolabeled amino acids in wild-type and mutant sporozoites. The global suppression of protein synthesis in wild-type sporozoites is illustrated in the radioautographs of the SDS-PAGEs (Fig. 3 C) . We also measured the kinetics of incorporation in wild type and mutants at room temperature and at 37°C (Fig. 3 D) . As shown, the rate of protein synthesis is much faster at the temperature of the mammalian host, and strikingly steeper in the mutant. Collectively these observations indicate that translation in wild-type salivary gland sporozoites is repressed. This is, indeed, the case shown by the presence of stress granules in the sporozoite's cytoplasm. We revealed the granules in wildtype salivary gland sporozoites by in situ hybridization of poly(A) + RNA, and by imaging with antibodies to components of the translation machinery that are found in stress granules, but not processing bodies (Fig. 4) . The granules were absent in the PbeIK2 (-) controls.
Our findings explain prior evidence that many transcripts accumulate in salivary gland sporozoites, but are not translated. For example, UIS4, LSAP-2, and LSAP-1 are among the most abundant transcripts in the salivary gland transcriptome (Le Roch et al., 2003) , but have not been detected by proteomic surveys of liver stages (Florens et al., 2002;  changes that characterize the initial transformation of sporozoites into liver stages appear prematurely in the PbeIK2 (-) salivary gland sporozoites.
DISCUSSION
The main finding of this paper is that Plasmodium salivary gland sporozoite latency and transformation into liver stages is dependent on the phosphorylation status of eIF2, which is controlled by the IK2 kinase and by a phosphatase. IK2 activity is dominant in salivary gland sporozoites, leading to an inhibition of translation and accumulation of the stalled mRNAs into granules. When sporozoites are injected into the mammalian host, an eIF2 phosphatase removes the PO4 from eIF2-P, and the repression of translation is alleviated to permit their transformation into liver stages. The IK2-mediated phosphorylation of eIF2 does not involve any obvious stress; instead, IK2 is highly transcribed when midgut sporozoites enter the salivary glands of mosquitoes, as part of the normal Plasmodium life cycle. IK2 maintains the salivary gland sporozoites in a latent state before delivery into the host's skin. Thus, phosphorylation of eIF2, which is used in mammalians cells in response to stress, regulates stage conversion in Plasmodium. The utilization of the mammalian stress-induced response by a protozoan parasite during its normal life cycle is not unique to Plasmodium. A case in point defective in cell traversal ability and gliding motility. It is during this journey that the loss of infectivity of the PbeIK2 (-) takes place.
The complex life cycle of Plasmodium is highly regulated and involves a series of transcriptional changes and posttranscriptional modifications (Paton et al., 1993; Vervenne et al., 1994; Mair et al., 2010) . As shown here, translational repression controlled by IK2 is an important mechanism to maintain infectivity of salivary gland sporozoites. The other two eIF2 kinases IK1 and PK4 are mostly transcribed in the asexual blood stages (Fig. 1) . It is likely that the PK4 kinase, another member of the Plasmodium "stress" kinases, controls some essential step in the development of the asexual blood sages of Plasmodium because PK4 cannot be disrupted. In another Apicomplexan parasite, Toxoplasma, eIF2 kinases initiate the in vitro transformation of tachyzoites into the latent cysts. Translational repression has been also well documented in P. berghei gametocytes (Thompson and Sinden, 1994) ingested by mosquitoes in whose stomachs fertilization and zygote formation takes place. The silent mRNAs accumulate in processing bodies that are stored in female gametocytes under the control of a conserved RNA helicase. In its absence, fertilization takes place, but the zygotes do not develop (Mair et al., 2010) .
Finally, considering that arrest of translation is a frequent mechanism used by apicomplexa to achieve latency, it is not farfetched to speculate that an eIF2 kinase is involved in the generation of the still enigmatic dormant stages of the malaria parasite of humans, P. vivax.
MATERIALS AND METHODS
Transcription of PbeIF2 kinases. PbeIF2 kinases (PbeIK1, PB000582.03.0; PbeIK2, PB001255.02.0; PbPK4, PB000788.03.0) transcript levels were analyzed by real-time RT-PCR using cDNA prepared from asexual and mosquito-stage parasites of P. berghei. Real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad Laboratories), according to the manufacturer's instructions. The absence of genomic DNA contamination was confirmed by PCR amplification on same-treated RNA samples that lacked reverse transcription. The specificity of amplification for each PCR product was confirmed by dissociation curve analysis. Transcript expression was normalized to the expression of the control gene, arginyl-tRNA synthetase (PB000094.03.0). The normalized expression for each kinase was determined as the ratio: relative amount of target gene cDNA/relative amount of control gene cDNA. Gene-specific primers were arginyl-tRNA synthetase (sense 5-TTGGTGATTGGGGAACAC-3, antisense 5-CTTGATATAAAAGGGTCAAAC-3); PbeIK1 (sense 5-TTCCGGTAACAACATCATG-3, antisense 5-CATGCATCATAA-TATCTCAC-3); PbeIK2 (sense 5-ATAGGTGATTTTGGTTTAGC-3, antisense 5-GTCACAGTTTTTATTTATTATCAG-3); and PbPK4 (sense 5-ATGGCAGATTTACGAGAAC-3, antisense 5-ATATGTTG-GCGATCCTGGTTC-3).
Generation of PbeIK2 mutant parasites. For replacement of PbeIK2 two fragments were amplified using PbeIK2rep5for (5-CATTATATG-GAAACAAAATACTTGTTAAAC-3) and PbeIk2rep5rev (5-ATTC-GGTTCAACGTTGGTTAC-3) for 500 base pair 5 fragment, and PbeIK2rep3for (5-TAGTCTTATCACAAATAATGGATATAT-3) and PbeIK2rep3rev (5-AAGTGAATAATAATAATATATATTATTA-GTAC-3) for 500 bp 3 fragment using P. berghei genomic DNA as template. Details of double crossover replacement are described in Fig. S2 . Lasonder et al., 2008) . In contrast, the abundant proteins in the salivary gland sporozoites CSP, TRAP, lactate dehydrogenase (PF13_0141), and phosphoglycerate kinase (PFI1105w) are translated from mRNAs in oocyst sporozoites (Zhou et al., 2008) . Spearman rank calculations show a greater correlation between levels of proteins from salivary gland sporozoites and transcripts of oocyst sporozoites than between transcripts and proteins of the salivary gland (Table S4 ). There was a profound difference in the sets of transcribed genes between wild-type and PbeIK2 (-) salivary gland sporozoites. Comparison of RNA arrays revealed that 8% of the genes were up-regulated in the mutant, including many that are found predominantly in liver stages, such as mitochondrial and ubiquitin-like proteins. It is not known how this large burst of transcription is initiated, but perhaps one of the mRNAs that were silenced encodes transcription factor(s) for the set of liver stage genes.
The salivary gland sporozoites accumulate transcripts that will be needed in liver stages, but their translation is delayed until their transmission to the vertebrate host, when eIF2-P is de-phosphorylated (Fig. 6 A) . The relevant phosphatase has not been identified, but its presence in wild-type salivary gland sporozoites was revealed by using salubrinal, a specific inhibitor of the phosphatases that dephosphorylate eIF2-P. Treatment of wild-type sporozoites with the drug enhanced phosphorylation of eIF2 and increased their infectivity in vitro and in vivo (Fig. 6) . The interpretation of these results is that wild-type sporozoites bear both a kinase (IK2) and a phosphatase, but the activity of the kinase predominates in the salivary gland sporozoites; once the sporozoites enter the mammalian host, and/or during their migration to the liver, the phosphatase is activated and the translational repression is alleviated. In other words, when wild-type sporozoites are incubated at 37°C, their phenotype starts resembling that of the PbeIK2 (-). This is the likely explanation for the well known phenomenon of the rapid loss of infectivity of sporozoites at 37°C (Vanderberg, 1974) .
The transformation bulbs (Fig. 7 C) are associated with a localized disruption of the sporozoite's cytoskeleton that must impinge on the motility of the attached actin-myosin motor, leading to defects in gliding motility (Fig. S4 B) , cell traversal (Fig. S4 A) , and in turn to the profound inhibition of infectivity to mice (Table I) . Bulb formation is prevented by a proteasome inhibitor, implying that these degradative machines are involved in the remodeling.
The in vitro infectivity of the mutants for HepG2 cells was indistinguishable from those of wild type (Fig. 2 E) . The likely explanation for this apparent paradox is that the decreased motility of the PbeIK2 (-) sporozoites was still adequate to promote the swift invasion of HepG2 cells. In vivo, however, the full activity of the sporozoite's actin myosin motor is required to cross skin cells and the sinusoidal barrier before hepatocyte invasion. This in vivo journey takes at least several minutes for wild-type sporozoites (Yamauchi et al., 2007) , and is likely to be much longer in the mutants that are Affymetrix Two-Cycle Target Labeling protocol. Hybridization and scanning of the Affymetrix PlasmoFBa arrays were done according to the manufacturer's instructions (Affymetrix). Data were normalized using the quantile normalization method in RMA. Gene ontologies for P. berghei genes were downloaded from the gene ontology consortium. We calculated the probability of enrichment by chance for genes with a role in protein synthesis and translation in the group of genes showing a twofold change in the comparison between mutant and wild-type expression levels using Genespring software (Silicon Genetics). Microarray data are available at Gene Expression Omnibus database under accession no. GSE16259.
Comparison of protein and transcript levels. P. falciparum proteomic data for oocyst and salivary gland sporozoites were obtained from Lasonder et al. (2008) and P. yoelii transcription data from oocyst and salivary gland sporozoites was obtained from Zhou et al. (2008) . 141 genes with an orthologue in both species, which contained >5 probes on the microarray and which were detected by more than five spectra in one of the two proteomic experiments were selected for comparison (Table S4 ).
Online supplemental material. Fig. S1 shows alignment of the catalytic subdomains of representative eIF2 kinase family members. Fig. S2 shows disruption of PbeIK2 by double-crossover homologous recombination. Fig. S3 shows targeted disruption of the PfeIK2 gene. Fig. S4 shows that PbeIK2 (-) salivary gland sporozoites are defective in their ability to traverse cells and glide on glass slides. Table S1 shows PfeIK2 is not required for infection of mosquitoes or progression through to sporozoites. Table S2 displays gene expression in PbeIK2 (-) and wild-type salivary gland sporozoites by microarray and real-time RT-PCR. Table S3 displays mitochondrial genes, RNAs, and ubiquitin-like proteins up-regulated by more than two-fold in PbeIK2 (-) compared with wild-type. Tab. S4 displays midgut and salivary gland sporozoites protein and transcript levels. Online supplemental material is available at http://www.jem.org/cgi/ content/full/jem.20091975/DC1.
